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ABSTRACT

Computational Fluid Dynamics (CFD) analyses of axisymmetric circular-arc boattail nozzles have been
completed in support of NASA’s Next Generation Launch Technology Program to investigate the effects of
high-speed nozzle geometries on the nozzle internal flow and the surrounding boattail regions. These com-
putations span the very difficult transonic flight regime, with shock-induced separations and strong adverse
pressure gradients. External afterbody and internal nozzle pressure distributions computed with the Wind
code are compared with experimental data. A range of turbulence models were examined in Wind, includ-
ing an Explicit Algebraic Stress model (EASM). Computations on two nozzle geometries have been com-
pleted at freestream Mach numbers ranging from 0.6 to 0.9, driven by nozzle pressure ratios (NPR) ranging
from 2.9 to 5. Results obtained on converging-only geometry indicate reasonable agreement to experi-
mental data, with the EASM and Shear Stress Transport (SST) turbulence models providing the best agree-
ment. Calculations completed on a converging-diverging geometry involving large-scale internal flow
separation did not converge to a true steady-state solution when run with variable timestepping (steady-
state). Calculations obtained using constant timestepping (time-accurate) indicate less variations in flow
properties compared with steady-state solutions. This failure to converge to a steady-state solution was
found to be the result of difficulties in using variable time-stepping with large-scale separations present in
the flow. Nevertheless, time-averaged boattail surface pressure coefficient and internal nozzle pressures
show fairly good agreement with experimental data. The SST turbulence model demonstrates the best over-
all agreement with experimental data.

INTRODUCTION

Computational Fluid Dynamics (CFD) analyses of an axisymmetric nozzles at transonic freestream
conditions have been completed to determine the capabilities of Reynolds-Averaged Navier-Stokes (RANS)
calculations to predict the details of off-design nozzle performance. The purpose of this study is to gain an
understanding of the flow field surrounding boattail-nozzle configurations at transonic speeds, including the
effects of jet exhaust on the flowfield, and to compare computed values to experimental data in support of
future high-speed nozzle studies for NASA’s Next Generation Launch Technology Program. External and
internal nozzle pressure distributions computed with the Wind code are compared with experimental data
obtained in the NASA Langley 16-Foot Transonic Tunnel1.
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sion system performance. In particular, high nozzle afterbody (boattail) drag, consisting of a combination of
pressure drag (separated flow), viscous drag (skin friction), and wave drag is a primary source of poor nozzle
performance. The nozzle pressure ratio and nozzle geometry determine the pressure differences that result
between the jet and freestream flows, which, in turn, governs the amount of drag associated with the propul-
sion system (including the afterbody or boattail surface). Even under the best of conditions with on-design
nozzle operation, nozzle afterbody drag usually manifests itself as pressure drag and wave drag. The off-
design operation of the nozzles studied in this paper provides an even more challenging environment to test
computational tools due to shock-induced separations and strong adverse pressure gradients present.

In this study, computations on two nozzle geometries have been completed at different freestream Mach
numbers and nozzle pressure ratios (NPR). The first geometry, referred to as the “Configuration 1” geome-

try of Abeyounis and Putnam2, is a converging nozzle (Figure 1) operating at freestream numbers of Mach
0.6 and 0.8 at an NPR of 2.9, and Mach 0.8 at an NPR of 5. This is referred to as Case 1 in this paper. Abe-
younis and Putnam conducted investigations to determine the effects of jet exhaust on the subsonic flow sur-
rounding two converging boattail nozzles with attached and separated boundary layers.

The second geometry, from Carson and Lee3, is a converging-diverging nozzle (Figure 2) operating at
freestream Mach numbers of 0.9 and 1.2 at an NPR of 4. This is referred to as Case 2 in this paper. Carson
and Lee investigated the internal and external pressure distributions on a wide range of converging-diverging
nozzles at various Mach numbers and pressure ratios using an interchangeable mechanism on the test rig
installed in the Langley 16-Foot Transonic Tunnel. The nozzles were installed on the aft end of a generic
axisymmetric forebody consisting of a conical nose followed by a straight initial afterbody section.

The rig used to obtain experimental results for both cases is shown in Figure 3. Calculated surface
pressures, internal and external to the nozzle, for these two cases are compared to experimental data.

NUMERICAL MODEL

Calculations were conducted with Wind4, a general purpose 3-D Computational Fluid Dynamics code
which solves the turbulent, time-dependent, RANS equations using a node-centered finite volume approach.
Wind is the production solver of the NPARC Alliance, a joint code development group of NASA Glenn
Research Center, USAF Arnold Engineering Development Center, and the Boeing Company. Wind version
5 was used for the steady-state calculations and a test version of Wind with improved second-order time-
stepping was used for the time-accurate calculations. The solver was configured to run with the following
specifications:

• Axisymmetric flow
• Constant timestepping (time-accurate) and variable timestepping (steady-state)
• Second-order Roe upwind scheme with modification for stretched grids, and second-order time-march-

ing

• One-equation Spalart-Allmaras5 (S-A), Two-equation Menter Shear Stress Transport6 (SST), Chien k-

ε7, and Rumsey-Gatski8,9 k-ε Explicit Algebraic Reynolds Stress (EASM) turbulence models
• Perfect gas, air, γ=1.4

The Spalart-Allmaras turbulence model works well for attached and separated wall bounded flows such
as the flow around airfoils. The Chien k-ε model was developed to handle shear layer flows and jet flows.
The SST model combines the k-ω formulation to treat inner regions of wall boundary layers with a trans-
formed k-ε formulation to handle the outer, mixing regions of the flow. The EASM model has been recently
installed in Wind to better predict compressible jet flows.

The various turbulence models in Wind employ corrections to make them more broadly adaptable to
various geometries and conditions. The k-ε model has two corrections, namely the Sarkar Compressibility

Correction10 and the Variable Cµ correction11. The Sarkar approximation, which is designed to improve the
prediction of compressible jet flows, is used for all computations shown in this paper. However, results for
the variable Cµ option are completed both ON and OFF. When activated, this option reduces turbulent vis-
cosity in regions where the production of turbulent kinetic energy is significantly larger than the rate of dis-
sipation. The S-A model was run with and without the streamwise curvature/rotation correction (cc).

At transonic freestream Mach numbers, poor nozzle performance can significantly affect overall propul-
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The inflow conditions were specified using theFreestreamandArbitrary Inflow boundary conditions.
TheFreestreamBC is used external to the nozzle and theArbitrary Inflow is used at the nozzle inflow plane.
Total pressure and total temperature were specified and held constant at the inflow boundaries. The static
pressure at the outflow boundary was specified to the value of the freestream pressure in subsonic condi-
tions, and supersonic points were extrapolated. The no-slip condition is used on the nozzle internal and
external surfaces.

Wind was configured to run in multi-processor mode on an SGI Origin 2000. Solutions for Case 1 took
approximately 12 hours total CPU time. Case 2 steady-state solutions took approximately 20 hours of total
CPU time at CFL numbers between 0.6 and 0.8. Case 2 time-accurate solutions took approximately 296
total CPU hours at a timestep of 1 nanosecond.

The convergence criterion consisted of monitoring nozzle thrust for changes with iteration, adequate
reduction of the overall solution residual, and mass flow conservation within the nozzle.

COMPUTATIONAL GRIDS AND GEOMETRY DEFINITION

Axisymmetric, structured, computational grids were generated for all cases using Pointwise, Inc’s
GRIDGEN12 version 14 software. In all cases, the nozzle is attached to a forebody, whose geometry is
included in the computational model due to the well-developed boundary layers along the length of the body.

The computational grid for Case 1 can be seen in Figures 4(a), 4(b), and 4(c). This grid has 33,815 total
points spread over 6 zones. The length of the entire assembly L is 149 cm (58.7 inches). The downward
curvature of the boattail occurs approximately at an x/L of -0.03. The upstream nozzle diameter is 15.24 cm
and acts as the normalizing length. The downstream nozzle diameter is 7.62 cm. The forebody tip is located
at station x=-141.38 cm and the boattail nozzle exit is located at station x=+7.62 cm. The computational
domain extends to about 7 nozzle diameters vertically, and extends downstream about 50 nozzle diameters.
A grid dependence study was conducted on three different grid levels, the coarse being a total of 33,815
points. The medium grid contained 30% more grid points, and the fine grid contained 60% more grid points
than the coarse grid. Plots of the mean values of Cp over the boattail surface (Figure 5) indicate that the
coarse grid is sufficient to capture the pressure distributions, and, as a result, the coarse grid was used to
obtain the results shown in this paper.

The grid for Case 2 can be seen in Figures 6(a), 6(b), and 6(c). This grid has 60,400 total points spread
over 5 zones. The computational domain extends radially to about 19 nozzle diameters and extends down-
stream about 50 nozzle diameters. The maximum nozzle outside diameter D is 15.24 cm and acts as the nor-
malizing length. The entire assembly is about 157 cm (62 inches) long. The downward curvature of the
boattail occurs approximately at an x/D of 0. The forebody tip is located at station x=-141.38 cm and the
boattail nozzle exit is located at station x=+15.24 cm. A grid dependence study has been conducted on three
different grid levels, the coarse being a total of 60,400 points. The medium grid contained 30% more grid
points, and the fine grid contained 60% more grid points than the coarse grid. Plots of Cp values over the
boattail surface (Figure 7) indicate that the coarse grid is sufficient to capture the pressure distributions. As
a result, the coarse grid was used to obtain the results shown in this paper.

Due to the axisymmetric nature of the problems examined here, images presented in this report are mir-
rored about the symmetry axis in the figures for clarity. Zonal boundaries were organized in such a way that
very complex regions of the flow (such as shear layers) do not run parallel to the zonal boundaries. Average
y+ values on the viscous walls were specified to be approximately 1.

DESCRIPTION OF CASES AND RESULTS

Results are presented as pressure distributions on the internal and external nozzle surfaces and Mach
number contours of the flowfield. Pressure is the primary quantity compared to experimental data because
of the direct relation between pressure and the aerodynamic drag associated with the given nozzle shape.

In order to provide a direct comparison with experimental data, results are represented by pressure
coefficient curves on the upper boattail surface, and curves of p/pt (static pressure divided by the nozzle total
pressure) on the internal surface. The pressure coefficient Cp used in this analysis is defined as the local
pressure minus the freestream pressure divided by the freestream dynamic pressure. For Case 1, the steady-
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state pressures are plotted. For Case 2, the plotted pressures are averages of the instantaneous values across
15,000 to 25,000 thousand iterations. In addition, gross thrust is normalized by ideal thrust, and mass flow
normalized by ideal mass flow. During the course of the computations, variations in the flow properties were
seen in the steady-state calculations requiring subsequent analysis using time-accurate calculations to deter-
mine the significance of the variations.

Case #1: Nozzle of Abeyounis and Putnam

Case 1 represents a circular arc convergent nozzle. The relatively steep downward slope of the boattail
surface (34 degrees at the trailing edge) results in an adverse pressure gradient and separation on the top sur-
face. The flow conditions are shown in Table 1. Due to the favorable pressure gradient inside the nozzle,
there is no separation on the internal surface. The different subcases, constituting the different conditions
that were run, are discussed next.

Subcase 1A: Mach 0.8, NPR 2.9

Figures 8(a) and 8(b) show the Mach number contours for the solution run with the Spalart-Allmaras
turbulence model. A series of shock/expansion waves are present in the jet plume, driven by the underex-
panded flow exiting the nozzle. Starting at about 0.025 x/L as illustrated in Figure 9, separated flow can be
seen on the external surface towards the most rearward points of the boattail. The S-A model predicts the
smallest separation bubble and EASM the largest.

The results for each of the turbulence models had very similar qualitative features when examining
Mach number contours, for example; results are better seen by examining them quantitatively. Cp is plotted
across the boattail surface as shown in Figure 10. The minimum point in Cp occurs at about x/L of -0.015,
the point of maximum flow acceleration. The S-A and k-ε models provide the best prediction of the mini-
mum Cp, while the EASM and SST models predict the experimental data the best for x/L greater than 0
(towards the rearward parts of the boattail and in the separation region). Again, the curvature/rotation cor-
rection for the S-A model offers a significant improvement over the standard S-A model in the separated
region. The k-ε and standard S-A models without the curvature correction showed the most deviation from
experiment near the nozzle exit.

Subcase 1B: Mach 0.8, NPR 5

Figure 11 shows the Mach number contours with the S-A model. The sonic, underexpanded flow
expands beyond the confines (edges) of the nozzle exit. Expansion waves emanating off the nozzle trailing
edge coalesce downstream to form a cone-shaped structure where the maximum Mach number is approxi-
mately 2.7.

Figure 12 shows the Cp values on the upper surface for Subcase 1B. It can be seen that all models
agree fairly well up to where separation starts to occur (flattening of the Cp curve), or about 0.02 x/L. The
EASM model overpredicts the pressure prior to separation (from an x/L of -0.03 to 0.018). The EASM and
SST models are closest to experimental data across the entire boattail overall. The SST slightly overpredicts
the pressure distribution near the nozzle exit (analogous to Figure 10), with EASM very close to experimen-
tal results in the separated region. The curvature/rotation correction for the S-A model offers a significant
improvement over the standard S-A model with no corrections. The k-ε and standard S-A without the curva-
ture correction showed the most deviation from experiment near the nozzle exit.

Table 1: Case 1 Flow Conditions

Subcase 1A Subcase 1B Subcase 1C

Freestream Mach Number 0.8 0.8 0.6

Nozzle Total Temperature 534.6 R (297 K) 534.6 R (297 K) 534.6 R (297 K)

Nozzle Total Pressure 27.94 psi (193 kPa) 48.18 psi (332 kPa) 33.42 psi (230 kPa)

Freestream Static Pressure 9.64 psi (66.5 kPa) 9.64 psi (66.5 kPa) 11.53 psi (79.5 kPa)
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Subcase 1C: Mach 0.6, NPR 2.9

Figure 13 shows the Mach number contours with the S-A model. Expansion waves emanate from the
nozzle exit edges and form a cone-like region of Mach number 1.65, similar in structure to Subcase 1B, but
with not quite as dramatic a flow expansion. The pressure increase that the jet flow experiences as it exits
the nozzle is the difference in magnitude between the jet flow and external flow. Hence, the strength of the
shocks (as depicted by the Mach number contours) for this subcase is somewhere between Subcases 1A and
1B. Examining the Cp curves in Figure 14 reveals that the EASM model provides the best overall compari-
son to experimental data, with better agreement from x/L of -0.03 to 0.018 compared with Subcase 1B. The
EASM results slightly overpredict pressures elsewhere on the boattail, while the SST model predicts about
the same values for Cp as in Subcase 1A near the nozzle exit. Again, the curvature/rotation correction of the
S-A model predicts the pressure distribution more accurately than the standard S-A model. Overall, the
EASM and SST models appear to predict the pressure distribution the best. A comparison of Figures 12 and
14 versus Figure 10 reveals that having a larger pressure difference between the jet and the external flow (at
the nozzle exit) allows the EASM to better predict the experimental data.

Case #2: Nozzle of Carson and Lee

The results for the convergent-divergent nozzle of Carson and Lee, referred to as the “Configuration 2”
nozzle, are presented next. Designed to operate at an NPR of 21.23, this nozzle was run at an off-design at
freestream Mach numbers 0.9 and 1.2 and an NPR of 4, resulting in overexpanded flow. The relatively shal-
low downward slope (3.817 degrees) of the external surface results in attached flow across the entire upper
surface. The inner nozzle is cone-shaped (straight wall contour) with a half angle of 13.18 degrees. This
results in separation on the inner surface for all NPRs below 6.

Generally, all solutions showed flow accelerating supersonically through the nozzle, followed by the
formation of a sophisticated array of shocks and expansion waves. This complex set of expansion and shock
waves resulted in apparent unsteadiness near the nozzle exit, affecting the pressure distribution on the top
surface. The pressure values for both the steady-state and time-accurate solutions on the internal and exter-
nal surfaces were time- or iteration-averaged across several thousand iterations to obtain the mean values.
These values are compared to experimental data. As a reference, the on-design solution (NPR=21.23) for
the “Configuration 2” nozzle is shown in Figure 15. Note that even for this case, the divergent section of the
nozzle is not optimized to provide an isentropic expansion of the flow.

The two subcases are examined in more detail below. In addition to the steady-state calculations using
all turbulence models common to the two subcases, the unsteady nature of Subcase 2A resulted in additional
time-accurate calculation using the SST model.  The flow conditions are shown in Table 2.

Subcase 2A: Mach 0.9, NPR 4

First the steady-state solutions will be discussed, followed by discussion of a time-accurate computa-
tion using the SST turbulence model.

STEADY-STATE CALCULATIONS

Figure 16(a) shows a qualitative view of Mach number contours using the S-A model, and Figure 16(b)
shows contours in detail near the nozzle exit. Figure 17(a) shows the mean Cp profiles on the upper surface.
Figure 17(b) shows the analogous curves for the internal surface, plotted using p/pt. In Figure 17(a), the k-ε

Table 2: Nozzle flow conditions

Subcase 2A Subcase 2B

Freestream Mach Number 0.9 1.2

Nozzle Total Temperature 540.0 R (300 K) 540.0 R (300 K)

Nozzle Total Pressure 34.8 psi (240 kPa) 24.3 psi (168 kPa)

Freestream Static Pressure 8.69 psi (59.9 kPa) 6.06 psi (41.8 kPa)
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solution with Cµ ON shows the closest agreement to minimum peak near x/D = 0, while it overpredicts the
pressure near x/D=1.0, compared with the S-A and SST models. Turning the Cµ option OFF slightly
improved the pressure distributions over having it ON (near x/D of 1.0). The sudden jump in pressure
around x/D of 0.7, as seen in Figure 17(b), results from flow passing through the shock that contacts the noz-
zle wall (Figure 16(b)). For both the internal and external surfaces, the SST provides the best predicted pres-
sure distributions.

Movements of the shock inside the nozzle yielded unsteady variations of pressure on the external sur-
face. These variations, resulting from a shock-induced separation on the inner nozzle surface at an x/D of
about 0.7, were quantified statistically using the Standard Deviation of pressure. For NPR values lower than
6, the internal surface separates, and this separation region interacting with the shock causes a low-frequency
unsteady behavior on the top of the boattail surface itself, causing the pressure to oscillate. This apparent
unsteadiness is related to the shockwave/boundary layer interaction and the resultant magnitude of the sepa-
ration.

Figure 18 shows the instantaneous streamlines for each turbulence model that bound the separation
region just inside the nozzle exit. The S-A solution with streamwise curvature correctionON showed the
least separation off the inner surface, while the EASM model predicted the most separation. The relative
positions of streamlines seen in Figure 18 is probably related to the relative magnitudes of Cp values found
near x/D of 1.0 in Figure 17(a). Table 3 shows the normalized thrust and massflows for each turbulence
model versus experimental data.

TIME-ACCURATE CALCULATIONS

Because the variable-timestep (steady-state) solutions indicated significant variation in flow properties
(failure to converge to a steady-state solution) internal and external to the nozzle, an additional time-accurate
calculation using the SST model was completed for this subcase to investigate these effects. The time-accu-
rate solution was restarted from the “steady-state” solution, and run for 458,000 iterations at a timestep of 1

nanosecond (10-9). A “characteristic time” tc for a fluid particle to move one nozzle diameter can be defined
as:

whereDexit is the exit diameter of 0.433 ft (13.2 cm) anduexit is 2,000 ft/sec (610 m/s). The total time∆T
passed over N iterations is:

Table 3: Comparison of normalized massflow and  thrust for various turbulence models for Subcase
2A. “cc” refers to the S-A rotation correction.

Normalized
Thrust

Normalized
Massflow

Experiment 0.8063 0.9700

S-A (cc OFF) 0.7810 0.9584

S-A (cc ON) 0.7717 0.9550

SST 0.8019 0.9622

EASM 0.8587 0.9740

k-ε (Cµ OFF) 0.8456 0.9721

k-ε (Cµ ON) 0.8569 0.9714

∆T N∆t=

tc

Dexit
uexit
--------------=
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where∆t is 10-9 seconds. From this, one can see that at 458,000 iterations, a fluid particle has moved 2.11
nozzle diameters downstream.

Figures 19(a) and 19(b) show the mean pressure distributions external and internal to the nozzle, respec-
tively, for the steady-state, experimental data and time-accurate solutions. These figures demonstrate that
the time-averaged steady-state solutions on both surfaces are the same or nearly the same as that of the time-
accurate solutions. This agreement is corroborated further by Figure 18 with plots of instantaneous stream-
lines, and plots of Standard Deviation of the pressure (not shown here). In Figure 19(a), the time-accurate
solution predicts a slightly higher value of Cp near x/D of 0.5 compared with the steady-state solution. The
time-accurate numerics appear to remove the numerical instabilities associated with the unsteady separation
and enable a nearly converged solution to be obtained. The initial motivation for attempting time-accurate
calculations was to obtain a more consistent set of instantaneous flowfield solutions for time-averaging of
the apparent unsteady problem. However, the time-accurate calculations, with constant time stepping
employed (in contrast to the local time stepping used by the steady-state solver) enabled a nearly converged
solution to be obtained. Similar phenomena have been observed in calculations with separated flow on

multi-element airfoil calculations at high lift13, and in calculations of a lobed nozzle with a large separated

base region14. While the RANS technique should be expected to provide a steady-state solution, it appears
that for all of these problems with large scale flow separations, the time-accurate solver with constant time-
stepping is better able to remove numerical instabilities associated with these large separated flow regions
than the local time-stepping approach of the steady-state solver.

Subcase 2B: Mach 1.2, NPR 4

The results for this case resulted in a significant change in the appearance of the internal and external
flowfield (in terms of Mach number contours and pressure contours) compared to Subcase 2A. The Mach
number contours are shown in Figure 20, and indicate less dramatic formation of expansion and shockwaves
near the exit compared to the Subcase 2A. The separated flow region on the inner nozzle wall is less than
one-tenth of an inch long. Figures 21(a) and 21(b) show the pressure distributions on the external and inter-
nal surfaces, respectively. All turbulence models slightly underpredict the pressure distribution at an x/D of
0.15 as seen in Figure 21(b). The k-ε model predicts an early separation region (similar to Subcase 2A), but
the EASM model predicts its location slightly better compared with Subcase 2A. The predicted pressures
along the external surface (from x/D of 0.125 to 0.9) were overpredicted slightly by all turbulence models as
seen in Figure 21(a). The EASM model predicts the external pressure distribution the best overall, with the
SST model providing the best prediction on the internal surface (Figure 21(b)). Table 4 presents the normal-
ized thrust and massflow for each turbulence model. Experimental thrust data was not available. The k-ε
and EASM models produce the highest values of thrust of all the models.

Table 4: Comparison of normalized massflow and thrust for different turbulence models for Subcase
2B. “cc” refers to the S-A rotation correction.

Normalized
Thrust

Normalized
Massflow

Experiment N/A 0.9680

S-A (cc OFF) 0.6980 0.9526

S-A (cc ON) 0.6970 0.9527

SST 0.7009 0.9527

EASM 0.7044 0.9573

k-ε (Cµ OFF) 0.7173 0.9539

k-ε (Cµ ON) 0.7123 0.9543
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CONCLUSIONS

CFD analyses of axisymmetric circular-arc boattail nozzles at transonic Mach numbers have been per-
formed to better understand the effects of high-speed nozzle geometries on the nozzle internal flow and the
surrounding boattail regions. Operation of these nozzle at lower-than-design NPRs provides a challenging
flowfield for studying the capabilities of Wind’s turbulence models to accurately predict nozzle aerodynam-
ics. Boattail and internal nozzle pressure distributions computed with the Wind code have been compared
with experimental data obtained in the NASA Langley 16-Foot Transonic Tunnel. Using a range of turbu-
lence models, including the Explicit Algebraic Stress model (EASM), the experimental data pressure pro-
files on two nozzle geometries has been predicted reasonably well. In general, all turbulence models
underpredicted the pressure distribution prior to the separated region with the EASM model providing best
prediction overall, especially pressure points in the separated region at the most rearward parts of the boat-
tail. Greater pressure differences between the jet and freestream flow appeared to improve the EASM
results.

Case 2, with a convergent-divergent nozzle shape operating in overexpanded conditions, presents an
even more challenging flowfield to test computational tools. The SST turbulence model best predicts the
internal and external mean pressure distributions overall. The EASM model gave slightly better results on
the external surface for Subcase 2B, however.

Analyzing the Wind steady-state solutions has shown that both Case 2 subcases exhibit apparent
unsteadiness resulting from shock-induced separation that affects the pressure distribution on the external
surface. Subsequent time-accurate analysis on the Mach 0.9, NPR 4 case using the SST model indicates that
the true unsteadiness is quite less, and the numerical instabilities associated with using variable timestepping
on a problem with separated regions leads to an inability to obtain a converged solution. The time-accurate
solutions suggest that for problems with large scale flow separations, the time-accurate solver with constant
time-stepping is better able to remove numerical instabilities associated with these large separated flow
regions. The non-realistic variation in pressure seen in the steady-state calculations of Case 2 is the result of
using a variable timestep in a region of the flow with large-scale separation. Constant time-stepping enabled
the physically unrealistic flow oscillations to be removed. The Chien k-ε and EASM k-ε models predict the
nozzle internal shock to occur upstream compared with other model predictions, resulting in a larger separa-
tion region inside the nozzle.
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Figure 1: Schematic of nozzle geometry (units in cm) investigated in Case 1.
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Figure 2: Schematic of nozzle geometry (units in cm) investigated in Case 2.

Figure 3: Schematic of NASA Langley experimental rig (forebody/nozzle/support).
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Figure 4(a): Computational grid for Case 1 showing the forebody and nozzle struc-
ture.

Figure 4(b): Close-up view of Case 1 grid near the
nozzle exit.
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Figure 5: Grid dependence plot of Cp values on the upper boattail surface for coarse, medium and
fine grids for Case 1.

Figure 4(c): Close-up view of Case 1 grid high-
lighting the nozzle afterbody.

NASA/TM—2003-212731                    11



−0.3 −0.1 0.1 0.2 0.4 0.6 0.8 1.0
x/D (D=15.24 cm)

−0.30

−0.25

−0.20

−0.15

−0.10

−0.05

Cp

Grid Dependence Study
Config 2, Mach 0.9, NPR 4, S−A 

coarse grid
medium grid
fine grid

Figure 7: Grid dependence plot of mean Cp values on the upper boattail surface for coarse,
medium and fine grids for Case 2.

Figure 6(b): Close-up view of Case 2 grid near the
nozzle exit.

Figure 6(a):  Computational grid for Case 2 showing the fore-
body and nozzle structure.

Figure 6(c):  Close-up view of Case 2 grid
highlighting the nozzle afterbody.
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Figure 8(b): Mach number contours at for Subcase 1A (closeup view).

Figure 8(a): Mach number contours for Subcase 1A.
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Figure 10: Cp profiles on the upper surface for Subcase 1A.
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Figure 9: Streamlines defining the separation relative separation region on the external surface for
Subcase 1A.  The shaded region indicates the nozzle structure near the exit.  The gray lines are refer-
ence streamlines.
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Figure 12: Cp profiles on the upper surface for Subcase 1B.

Figure 11: Mach number contours for Subcase 1B (closeup view).
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Figure 14: Cp profiles on the upper surface for Subcase 1C.

Figure 13: Mach number contours for Subcase 1C (closeup view).
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Figure 15: Mach number contours using the Spalart-Allmaras model at the design NPR of 21.23 and
Mach number 0.9.
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Figure 16(a): Mach
number contours for
Subcase 2A highlight-
ing forebody geometry.

Figure 16(b): Closeup
of nozzle.
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Figure 17(b):  Instantaneous normalized pressure profiles on the bottom (inner) nozzle surface for
Subcase 2A.
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Figure 17(a):  Mean Cp profiles on the upper boattail surface for Subcase 2A.
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Figure 18: Streamlines defining the separation relative separation region for Subcase 2A. Streamlines
start at the 7th gridpoint off the wall in the nozzle throat.  The shaded region indicates the nozzle
afterbody structure.  The gray streamlines are reference streamlines.
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Figure 19(b): Normalized pressure (p/pt) curves
on internal surface for Subcase 2A with the SST
model.

Figure 20: Mach number contours for Subcase 2B with the Spalart-Allmaras model.
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Figure 19(a): Cp curves on external surface for
Subcase 2A with the SST model.
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Figure 21(b):  Mean p/pt profiles on the internal nozzle surface for Subcase 2B.
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Figure 21(a):  Mean Cp profiles on the upper boattail surface for Subcase 2B.
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